The fnr gene of Escherichia coli encodes a transcriptional activator (FNR) which is required for the expression of a number of genes involved in anaerobic respiratory pathways. From the study of a translational fusion of fnr to the gene for /3-galactosidase (ZacZ) it has been concluded that the fnr gene is expressed under both aerobic and anaerobic conditions and is subject to autoregulation and repression by glucose, particularly during anaerobic growth. These findings imply that during anaerobiosis the FNR protein adopts an active conformation, in which it functions both as a repressor of'the fnr gene and as an activator offitr-dependent genes. Sequences in the 5' non-coding region of fnr which could be involved in autoregulation are discussed. The fnr coding region was cloned into an expression vector which has allowed an amplification of FNR synthesis such that it accounts for about 2% of total cell protein. The ability to over-produce FNR in this way should be very useful for future biochemical studies.
INTRODUCTION
Escherichia coli, like many facultative anaerobes, will use exogenous electron acceptors such as fumarate, nitrate and nitrite to support anaerobic growth on non-fermentable carbon sources. The anaerobic respiratory chains associated with these electron acceptors are generally inducible and are repressed during aerobic growth even in the presence of their inducer (for a general review see Ingledew & Poole, 1984) . In addition, synthesis of the reductases (fumarate reductase, nitrate reductase and nitrite reductase) and other components of these respiratory systems depends on the regulatory locus fnr (Lambden & Guest, 1976; Newman & Cole, 1978; Chippaux et al., 1978) . Evidence has accumulated to indicate that thefnr gene product (FNR) is a transcriptional activator which regulates the expression of its target genes in response to anaerobiosis. Gene fusion studies in the nitrate reductase, nitrite reductase and fumarate reductase operons have shown that expression of these genes is dependent on the presence of FNR (Chippaux et al., 1981 ; Griffiths & Cole, 1987; Spiro & Guest, 1987a) . The sequence of the fnr gene has further indicated that FNR is structurally homologous to another E. coli transcriptional activator, the cyclic AMP receptor protein, CRP (Shaw & Guest, 1982b; Shaw et al., 1983; de Crombrugghe et al., 1984) . From this homology it has been inferred that FNR contains a DN A-binding domain and a nucleotide-binding domain, although the residues of CRP that interact with cAMP are not conserved in FNR. The mode of action of FNR has recently been confirmed by changing three residues in the putative DNA-recognition helix to those found at the equivalent positions in CRP, whereupon the altered FNR activates the expression of CRP-dependent genes under anaerobic conditions (Spiro & Guest, 19874 . The nature of the signal of anaerobiosis is not known but it may involve an effector molecule analogous to cAMP and/or a conformational change. Aerobic repression of FNR synthesis itself would also provide a mechanism for regulating the expression of FNR-dependent genes. In order to quantify fnr expression, an in-phase translational fusion to the /3-galactosidase gene (lacz) has been constructed. The measurement of enzyme synthesis from this fusion was used to study the effect of oxygen and changes in carbon source on expression of thefnr gene. The results presented show thatfnr expression is not repressed aerobically but that the FNR protein acts as a repressor of its own synthesis under anaerobic conditions.
The study of the interactions of FNR with possible effector molecules and with its target sequences in DNA would be facilitated by the provision of an enriched source of protein.
Previous attempts to amplify FNR synthesis were only moderately successful (Unden & Guest, 1985) . This could in part have been due to autoregulation of the fnr gene, and efficient overexpression, like that achieved with the crp gene by Gronenborn & Clore (1986) , may only be possi bie when upstream DNA sequences involved in FN R-mediated repression are removed. The fnr coding region was accordingly cloned into an expression vector containing a highly efficient translational initiation region from the atp operon and two tandemly arranged thermoinducible 1 promoters (Schauder et al., 1987) . The results indicate that this expression vector allows a 100-to 300-fold amplification of FNR synthesis. A brief report of some of this work has been published previously (Spiro & Guest, 19876) .
METHODS
Bacterial strains, phages andplasmids. The strains of E. coli were : GM242, dam recA (Marinus & Morris, 1973) , for the preparation of Bcn-sensitive DNA; RK4353, A(lac)U169 ara rpsLgyrA non, and RK5279, A(lac)U169 ma rpst gyrA nonfitr-250, from V. Stewart; JMlOl, thi supE A(proAB-lac)/FtraDproAB+lacZAMlS lacfq, for the propagation of M13 clones, and CAG627, lucZ(am) trp(am)pho(am) supCtS malrpsL Ion, from C. A. Gross. Bacteriophage 1RZ5, used to make the singlecopy fnr-lacZ fusion, was from M. Berman. Other phages, Ab2c imm2' and h i r were used in selecting and testing lysogens. Plasmids used were: pGS24 and pCH21, derivatives of pBR322 and pBR325 respectively which carry the wild-type fnr gene (Shaw & Guest, 1982a; Jamieson & Higgins, 1984) ; pMC1403 (Casadaban et al., 1980) ; and the expression vector, pJLA502 (Schauder et al., 1987) .
Media andgeneral techniques. The rich medium for subculturing and the preparation of plate lysates was L broth (tryptone, 10 g I-] ; yeast extract, 5 g I-'; NaCI, 5 g I-'); BBL medium (BBL trypticase, 10 g I-' ; NaCl, 5 g 1 -l ) was used for 1 phage assays. Media were solidified with Difco Bacto Agar at 10-15 g I-' for plates or 6.5 g 1-I for top layers. Ampicillin (50 mg I-]) and chloramphenicol(25 mg I-') were used as required for the maintenance of pBR322-and pBR325derived plasmids. Preparation of phage stocks and general phage procedures were as described by Murray et al. (1973) . Isolation and manipulation of DNA. Plasmid DNA was purified from cleared lysates by centrifuging to equilibrium in CsCl/ethidium bromide (Clewell, 1972; Clewell & Helinski, 1970) . For analytical purposes, and for some manipulations, small-scale preparations were made according to Birnboim & Doly (1979) . Procedures for digestion with restriction endonucleases, agarose gel electrophoresis, transformation and DNA ligation were as described previously .
Constructwn of the fnr-lacZ f i w n and its transfer to the chromosome. To generate an in-phase fnr-IacZ translational fusion the 207 bp fragment of pGS24 was gel purified (Dretzen et al., 1981) and cloned into the EcoRI and BarnHI sites of pMC1403 (Fig. 1 a) . The desired recombinants were selected aerobically as blue colonies in the presence of the chromogenic indicator 5-bromo-4chloro-3-indolyI /?-Dgalactopyranoside (BCIG ; 20 mg I-] ).
Transformants of the fnr-lac2 fusion plasmid (pGSl80) were cultured for enzyme assays.
To transfer this fusion to the 1 phage genome, plate lysates of 1RZ5 were prepared with RK4353(pGS180) as the host strain. Phage 1G184, which had acquired the fusion by a double recombination event (Fig. 1 c) , was detected as a blue plaque when dilutions of the lysate were plated with the untransformed RK4353 strain on BBL plus BCIG. Lysogenic derivatives of RK4353 and RK5279 containing the AG 184 prophage were isolated, and several were cultured for /3-galactosidase assays to differentiate between strains carrying one or more copies of the prophage. Lysogens containing single copies were used for further analysis.
Growth ofcultures for enzyme assays. For enzymology, cultures were grown in a rich medium containing peptone (4 g I-'), yeast extract (4 g I-') and K,HPO, (6 g I-'), supplemented as required with glucose (0.1-1 %, w/v). The basal minimal medium was that of Spencer & Guest (1973) containing Casamino acids (0.04%, w/v) and glucose, glycerol or fructose (0-2%, w/v) as sole carbon sources and supplemented as required with chloramphenicol (25 mg I-'). Anaerobic cultures were grown at 37 "C in unshaken 100 ml conical flasks filled to the neck with freshly autoclaved medium. Aerobic 20 ml cultures were grown in 250 ml conical flasks with vigorous shaking.
Cultures were sampled at OD65o 0 . 3 4 6 and &galactosidase assays performed according to Miller (1972) . Sire-directed mutagenesis and cloning thefitr gene into an expression vector. Single-stranded DNA of an M13mp9 derivative carrying the fnr gene on a 1-6 kb BamHI-Hind111 insert (Shaw & Guest, 19826) was prepared by standard techniques (Sanger et al., 1980) . The mutagenic oligonucleotide containing an NcoI site (S 13 : 5'-TCCGGGACCATGGGTCT-3'. coordinates 5 14-530 in Shaw & Guest, 1982b) and universal primer were Expression of the E. coli fnr gene 328 1 annealed to the template by boiling for 3 min and cooling at room temperature. The annealed mixture was used in the two-primer extension-ligation reaction of Zoller & Smith (1984) . Mutants were selected by plaque and dot-blot hybridization using terminally labelled S13 as a probe (Zoller & Smith, 1984) . Potential mutants were further analysed by chain-termination sequencing (Biggin et al., 1983) . Single-stranded DNA from a mutant phage was primer-extended to generate a double-stranded molecule (Hong, 1981) , digested with NcoI and BarnHI, and the resulting 1 kb fragment sub-cloned into pJLA502 (Schauder et af., 1987) .
SDS-PAGE, Western blotting and ELISA. Cultures of CAG627 transformed with pGS199 and pJLASO2 were grown in L broth + 0.2% glucose + ampicillin at 30 "C. When growth had reached midexponential phase (OD65o = 0-5-0.6), samples were taken and cultures shifted to 42 "C; further samples were taken at intervals thereafter; growth was monitored by measuring OD650 throughout. The samples were centrifuged and resuspended in SDSdisruption buffer (Laemmli, 1970) such that the final suspension had an equivalent OD650 of 1. Proteins were resolved by electrophoresis of 25 pl samples in polyacrylamide (lo%, w/v) containing 0.1 % SDS (Laemmli, 1970) . Gels were either stained with Coomassie brilliant blue or used for electrophoretic transfer of proteins to nitrocellulose filters (Burnette, 1981) . Filter-bound FNR was detected by enzyme-linked immunosorbent assay (Hawkes et al., 1982) using anti-FNR antiserum (from G. Unden, diluted 1/500) and a peroxidase-linked secondary antibody (Sigma). Materials. Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase and DNA polymerase (Kienow fragment) were purchased from BRL or Boehringer. The synthetic oligonucleotide, designated S13, was a gift of P. Srere.
RESULTS
Regulation of fnr expression Plasmid vector pMC1403 was used to make an in-phase translational fusion offir to lac2 (Fig. l a , b) . The fusion plasmid (pGSl80) encodes a hybrid protein comprising the 39 Nterminal amino acids of FNR fused to all but 7 N-terminal residues of /3-galactosidase. Expression of the fusion was presumed to be the same as that offnr since it is preceded by the same 91 bp untranslated segment that expresses the fnr gene in pGS70 (an EcoRI-generated deletion of pGS24), and because preliminary mapping of the fnr transcript suggested that it is initiated well within this region (Shaw & Guest, 1982a, b) . Single chromosomal copies of thefnrlac2 fusion were generated by transferring the plasmid-borne fusion to a 1 phage which could then be established as a prophage (Fig. 1 c) . The receptor phage (ARE) designed for this purpose contains fragments of the genes encoding /I-lactamase (bla) and /3-galactosidase (IacZ). Strains that are deleted for the lac operon remain Lac-and sensitive to ampicillin (Amps) when lysogenized by this phage. However, when this phage is propagated on a pGSl80 transformant, recombination between phage and plasmid generates phages containing thefnr-lac2 fusion and the bla+ gene, at a low frequency (Fig. lc) .
The results of studies with isogenic fnr+ and fnr strains lysogenized with LG184 (Lfnr-lad) and grown in glucose minimal medium are shown in Fig. 2(a) . In the fnr+ background expression of the fusion was repressed about 2.7-fold by anaerobiosis. However, this repression virtually disappeared in thefnr mutant. This suggests that the anaerobic repression of fnr gene expression is dependent on the presence of the FNR protein, i.e. that FNR represses its own synthesis under anaerobic conditions. The autoregulatory effect of FNR was confirmed by transforming the 1G184 lysogen of RK5279 (fnr) with the multicopyfir+ plasmid pCH21. Increasing the dosage of the fnt gene in this way reduced the anaerobic expression of fnr-lac2 fusion to about half that found with a single-copyfnr+ gene (Fig. 2a) . Control experiments with pBR325 showed that the presence of the cloned f i r + gene was essential for anaerobic autoregulation. No significant aerobic autoregulation was observed.
To test the effect of glucose on expression of the fnr gene, similar experiments were done with cultures grown in rich medium supplemented with glucose (Fig. 2b) . Under aerobic conditions glucose caused a slight repression offnr-lac2 expression although this was hardly apparent in the fnr mutant. Under anaerobic conditions, glucose repressed expression of the fusion more severely in bothfir+ andfnr strains. As observed in minimal medium, there was an anaerobic repression of fnr-lac2 expression that was more apparent in the fnr+ background (Fig. 2b) . Relevant restriction sites are shown: E, EcoRI; B, BamHI; H, HindIII; Bc, BclI. (6) Nucleotide sequence of the 5' noncoding region offir present in pGS180. The sequence extends from the EcoRI site to the hybrid BclI/BamHI site generated by ligation into pMC1403 and includes a region of hyphenated dyad symmetry (Shaw & Guest, 19826) . RBS, ribosome-binding site. (c) Transfer of the fusion to the 1 phage vector. Phage 1RZ5 was propagated on a pGS180 transformant and double recombination between the 6fu' and lad2 genes of 1RZ5 and the corresponding regions in the plasmid generated a phage which carries thefir-lucZ fusion. This phage, AG184, was selected as a Lac+ plaque.
The synthesis of fl-galactosidase from the fnr-lac2 fusion was increased 10-to 20-fold when it was present in the multicopy plasmid pGS180 (data not shown). Expression from pGS180 was repressed to a much greater extent by anaerobiosis, and no evidence for autoregulation was found with pGS180 in fnr+ vsjizr backgrounds. These differences may be artefacts caused by a high and varying copy number of the pGS180 fusion.
Over-expression of f i r
In order to remove potential autoregulatory regions and to facilitate the cloning and expression of thefnr gene (and subsequent mutant derivatives), a unique NcoI site spanning the start d o n was created (Fig. 3) . This alteration simultaneously changes the N-terminal isoleucine residue to valine, with no effect on FNR activity (data not shown). The N-terminal amino acid of FNR is designated Ile-1 because there is evidence that the initiating formylmethionine is removed post-translationally (Unden & Guest, 1985 af., 1987) where it is transcribed from two strong, thermo-inducible L phage promoters and its translation is initiated at a ribosome-binding site derived from the atp operon. Over-production of the FNR protein was achieved by shifting midexponential phase cultures from 30 "C to 42 "C, samples being taken at intervals for analysis by SDS-PAGE and Western blotting (Fig.   4) . A Coomassie blue-staining band with an apparent M, of 30000 appeared 2 h after induction. 
DISCUSSION
Measurement of 8-galactosidase activity derived from an fnr-lac2 fusion has been used to study the regulation offir expression and it is assumed that the observed changes in activity are a direct reflection of regulatory responses rather than being of indirect origin. When the fusion was present in a single copy, expression was repressed up to threefold by anaerobiosis, depending on the growth conditions and the nature of the chromosomal fnr allele. Unden & Duchene (1987) found no significant differences in the cellular FNR concentrations of aerobic and anaerobic cultures grown in rich medium with glucose (0.1 %). The present results suggest that fnr expression is repressed about 50% by anaerobic growth under comparable conditions. This discrepancy is within the range of error of the protein determinations but may indicate that FNR is less stable in aerobic cells, where it has no known function. The anaerobic repression of fnr expression is probably mediated by the FNR protein because it is enhanced by a multicopy fnr+ plasmid and virtually abolished in anfnr mutant. The fact that FNR is particularly effective in regulating its own synthesis under anaerobic conditions implies that it functions as a repressor offnr gene expression only when it is in the same state as the functional transcriptional activator. This regulation is similar to that of the crp gene, which is repressed by CRP only in the presence of CAMP, these forming the active CAMP-CRP complex (Aiba, 1983; Cossart & GicquelSanzey, 1985) .
Since thefnr gene is autoregulated, it is presumed that its promoter region contains an FNRbinding site. For this reason similarities were sought between the nucleotide sequences of the promoter regions offnr and otherfnr-dependent genes. A sequence containing hyphenated dyad symmetry has previously been identified in the 5' non-coding region of thefnr gene (see Fig. 1 ). This sequence is almost certainly within the transcribed region offnr, because it is very close to the ribosome-binding site. Similar sequences are found 38-48 bp upstream of the transcription initiation points of the nitrite reductase gene nirB, the nitrate reductase gene nurG and the fumarate reductase genefrdA (Fig. 5) , and in the promoter region of the aspartase gene aspA, which has recently been shown to be under FNR control (Jerlstrom et al., 1987; Woods & Guest, 1987) . These sequences could represent FNR-binding sites, and a putative consensus sequence resembles the consensus sequence for CRP-binding sites (Fig. 5) . This comparison is particularly interesting because an altered FNR protein which has the DNA-binding specificity of CRP has recently been constructed (Spiro & Guest, 1987) . The proposed FNR-binding site in the fnr gene is probably downstream of the promoter and this would be consistent with the observed autoregulation offnr. The analogous autoregulation of the crp gene is thought to be mediated by the CAMP-CRP complex binding to a sequence downstream of the crp promoter (Aiba, 1983) . Also shown in Fig. 3 are some 9 and 8 bp homologous sequences that occur with similar separations infnr andfnr-dependent genes. The significance of these is not known and it is important to note that the 9 bp sequence infnr is upstream of the EcoRI site used to generate pGS180 and so makes no contribution to the expression of thefnr-lacZ fusion studied here. The same applies to other potential but non-essential regulatory sequences that may lie upstream of the EcoRI site.
Since the completion of this work Pascal et al. (1986) have reported studies with a chromosomal fnr-lac2 fusion. Consistent with the present findings they showed that thefnr gene is expressed during aerobic and anaerobic growth and is subject to a glucose effect. However, they did not observe the anaerobic autoregulation that was so apparent here (Fig. 20) . This is presumably because their study was restricted tofnr (anaerobic) andfnr+ (aerobic) backgrounds. frdA, Cole (1982) and Jones and Gunsalus (1985) ; narG, Li et al. (1985) and McPherson et al. (1984) .
Also in sharp contrast to the present results, they detected autoregulation under aerobic conditions. It is not clear whether this reflects differences in the sizes of the translated and untranslated Jnr sequences in the fusions or differences in experimental conditions. Previous attempts to over-express FNR were only moderately successful (three to fivefold amplification), possibly because the DNA sequences mediatingfnr autoregulation were retained (Unden & Guest, 1985 ; Unden & Duchene, 1987) . Thefnr coding region has now been cloned in the absence of all 5' non-coding sequences and expression controlled by two A promoters and a translational initiation region from the atp operon. A very significant 100-to 300-fold amplification of FNR synthesis was achieved with pGS199, such that the over-expressed protein eventually accounted for about 2 % of total cell protein. Interestingly, immuno-blotting of extracts of cells carrying this plasmid revealed a minor cross-reacting polypeptide of M , 29000. Previous studies have suggested that FNR may be processed, either during isolation or as a post-translational modification, generating a 29000Da product which has lost eight Nterminal amino acids (Unden & Guest, 1985) . It is now apparent that this processing may occur in uiuo, albeit at a very low level, and this raises the possibility that the smaller species may have functional importance. It is hoped that the improved source of FNR will facilitate future studies of its DNA-binding activity, and provide protein for structural studies. 
